The circadian characteristics of the daily rhythm in oxytocin (OT) concentrations in cerebrospinal fluid (CSF) were studied in the rhesus monkey. Monkeys subjected to constant light or constant dark for periods of 3 to 6 days manifested persistence of the CSF OT rhythm. A 12-hr phase shift in the light-dark cycle resulted in a resynchronization of the rhythm to the new lighting schedule within 3 to 4 days. Altering the daily feeding and care schedule during a period of constant darkness did not alter the expression or timing of the CSF OT rhythm significantly. These results suggest that the OT rhythm is endogenously generated and that the daily light-dark cycle normally synchronizes the rhythm to the 24-hr cycle.
Recently, we reported that there is a large daily rhythm in the oxytocin (OT) concentration in cerebrospinal fluid (CSF) of male rhesus monkeys (Perlow et al., 1981) . Daytime CSF OT levels are 3-to 12-fold higher than night-time values. Interestingly, the CSF rhythm is not accompanied by a diurnal pattern of plasma OT concentrations. The presence of an OT rhythm confined to CSF suggests that the CSF is a vehicle for OT distribution to different parts of the brain where the peptide may have important neuromodulator functions.
In the present study, we sought to determine whether the CSF OT rhythm is generated endogenously and whether the daily light-dark cycle functions to coordinate the CSF rhythm to the solar day.
Materials and Methods
The monkey model for these experiments has been described previously in detail (Reppert et al., 1979) . Briefly, adult male rhesus monkeys weighing 5.5 to 6.5 ' kg were adapted to primate chairs. Each animal was kept in a separate, sound-attenuated isolation chamber; the chambers were cleaned between 10 A.M. and 12 noon. Food was placed on the feeding trays between 10 A.M. and 12 noon unless otherwise specified and remained available until the following day; this was done for experimental convenience and not as a means to restrict feeding to a particular time of day. Water was available ad Zibitum. The diurnal lighting schedule consisted of 12 hr of light per day (LD 12:12) , with lights on from 6 A.M. to 6 P.M.
CSF was withdrawn continuously at a rate of approximately 1 ml/hr from an indwelling polyethylene catheter terminating in the subarachnoid space at the high cervical to low cisternal region. CSF was collected in 2-hr fractions by an automated fraction collector. Samples remained at room temperature for approximately 2 hr prior to refrigeration at 4°C. Fractions were collected in the morning and frozen at -20°C until assayed.
The double antibody OT radioimmunoassay (RIA) system has been described previously; 100 d of unextracted CSF were assayed in each tube (Weitzman et al., 1978) . United States Pharmacopeia posterior pituitary reference material (2.4 U.S.P. posterior pituitary units of oxytocic activity/mg) was used as the standard in the RIA. All samples from a single experiment in an individual monkey were run in the same assay. Sensitivity of the RIA was defined as the amount of OT which would displace 10% of the lz51-OT in the assay tube. Samples The observed data were fitted to periodic curves; the OT level y was computed as a sine function of the time x hours from the beginning of each experiment. An iterative computer procedure was used to estimate the values of parameters to fit the data for each animal; the values of parameters were defined such that the sum of squares of differences between the computed and observed values of y approached a minimum. The formulae used and the computed results are given in the appendix.
Results
Effects of constant light and dark on OT concentration. Four monkeys were sampled continuously in diurnal lighting (LD 12:12) for 3 to 4 days, followed by 3 to 4 days of constant light and a further 3 to 4 days of constant dark ( Fig. 1) . In diurnal lighting, all animals exhibited a marked increase in CSF OT concentration during daylight hours relative to the period of dark; OT concentrations began to increase before the onset of the light period and began to fall prior to the onset of the dark period. The peak OT levels varied from day to day in the same animal and between animals both in diurnal lighting and constant lighting conditions. However, the general pattern of OT rhythmicity persisted in all animals during the periods of constant light and constant dark. There were occasional deviations from this usual pattern of OT in CSF; these occurred both in diurnal lighting and under constant lighting conditions. For example, on the 3rd day of diurnal lighting for animal 641, the usual fall in OT was observed prior to the dark period, but this was followed by an additional 4-to 6-hr period of OT concentrations comparable to those usually found during the daylight hours.
Effects of a 12-hr phase shift in food delivery and daily care. Animals were sampled after a 12-hr phase shift in food delivery and daily care to determine whether the daily OT rhythm in constant lighting conditions (i.e., constant dark) was artificially generated or influenced by the daily care and feeding system used in our paradigm. For this aspect of the study, two monkeys, 477 and 585, were sampled in diurnal lighting with daily care and food delivery at 10 A.M. to 12 noon. The animals then were placed in constant dark with food delivery and daily care shifted by 12 hr (Fig. 2) . The OT rhythm observed during diurnal lighting was similar to that seen in Figure 1 . Moreover, visual inspection of the data showed that the rhythm persisted during constant dark and during a 12- Artman et al. Vol. 2, No. 5, May 1982 hr shift in feeding and daily care without any obvious alterations in the timing of the rhythm.
was confirmed by the computer analysis outlined in
The apparent lack of effect of altering the daily care
Tables I and II and Figure 3 . The estimated parameters and food cycle on the timing of the OT rhythm in dark and equations tabulated in Table I yield computed peak OT levels at the times shown in Table II Figure 2. The pattern of CSF OT concentrations in two animals studied during a 12-hr phase reversal of the daily delivery of food and care in constant dark (solid bars). After several days in diurnal lighting, during which time daily care and food were delivered between 10 A.M. and 12 noon, the animals were placed in constant dark; the daily delivery of food and care was altered and maintained between 10 P.M. and 12 midnight. CSF was collected in 2-hr aliquots. agree closely with the mid-light time or the mid-light time expected by adding 24-hr intervals to the time when the no light period began. That is, the reversed food schedule had little effect on the timing of the peak CSF OT concentrations. Effects of a 12-hr phase shift in lighting schedule, food delivery, and daily care. Two monkeys were sampled during 6 days of diurnal lighting followed by a 12-hr phase shift in lighting, food delivery, and daily care (monkeys 477 and 585). In these animals, the expected diurnal CSF OT concentration pattern was observed prior to the 12-hr phase shift (Fig. 4) . Initially, after the 12-hr extension of the dark period, the CSF OT rhythm persisted as in constant dark. During the following 2 to 3 days, there was a transition period where the OT secretion was blunted and the duration of the peak levels was lengthened. Thereafter, the OT rhythm displayed the same phase relationship to light and dark in the reversed lighting schedule as normally occurs in diurnal lighting. The resynchronized pattern continued for the subsequent 3 days that the animals were sampled.
The pattern of resynchronization of the OT rhythm was examined by computer analysis (see "Appendix," Tables I and II, and Fig. 4) . The computed parameters are shown in Table I. Table II again compares the computed peak times with the mid-light times and demonstrates how the phase of the sine curve (equation 5, "Appendix") changes from 0, during the diurnal light period to O2 in the reversed light period, confirming the visual observation that it takes a few cycles for the rhythm to catch up with the sudden change in lighting schedule.
Discussion
The results of our study demonstrate the presence of a daily rhythm in the CSF OT concentration of the rhesus monkey. Furthermore, the data provide two lines of evidence which suggest that this daily rhythm in the CSF is an endogenously generated (i.e., circadian) rhythm. First, the daily rhythm persists, albeit for relatively short periods, in either constant light or constant dark. It is important to note that the rhythm does not appear to be influenced in a constant lighting condition (constant dark; Fig. 2 ) by the daily care and food delivery system used in these studies. Thus, the persistence of the rhythm in our constant dark environment means that the expression of the rhythm is not dependent on any discernible cycle alteration in the environment.
The second line of evidence in favor of the circadian nature of the OT rhythm is that the rhythm does not resynchronize immediately to a phase change in the lighting cycle. Instead, a few days are required for complete resynchronization to occur, a situation similar to that described for other circadian rhythms (Zucker, 1980) . This finding also indicates that the daily light-dark cycle is the environmental stimulus which normally coordinates the CSF OT rhythm to the 24-hr period.
The source of OT in CSF is not clear. The highly organized rhythmic pattern of OT concentrations confined to CSF suggests that CSF OT is derived via active secretion rather than from axonal diffusion or from transport from the blood to CSF. There is accumulating anatomical evidence of neuronal fiber sources of OT other than the classical magnocellular neuronal terminals in the posterior pituitary. Free nerve endings containing large secretory granules typical of nerve endings of the magnocellular neurons have been found in the floor of the third ventricle (Scott et al., 1974) . In addition, multiple projections of OT-containing fibers from the paraventricular nuclei have been described, and OT-containing fibers have been found in the medulla, spinal cord, frontal and temporal cortex, and adjacent to the ependyma of the lateral ventricle (Nilaver et al., 1979) . However, evidence that these neuronal tracts relate to CSF OT secretion remains to be developed.
The physiological significance of the OT rhythm in CSF remains unclear. CSF levels of the other posterior pituitary nonapeptide, arginine vasopressin (AVP), show a daily rhythm in the primate, cat, and sheep (Perlow et al., 1981; Reppert et al., 1981; H. G. Artman and D. A. Fisher, unpublished observations) . In the monkey, the CSF AVP rhythm is synchronous with the CSF OT rhythm. In sheep, when both rhythms are manifested, they are nonsynchronous. The solid lines show the computer-fitted sine curves generated for each animal and each treatment (see Tables I and II) . by extending the normal dark period for an additional 12 hr. The periodic delivery of food and daily care also was phaseshifted from between 10 A.M. and 12 noon to 10 P.M. and 12 midnight coincident with the phase reversal in lighting. CSF was collected in 2-I-n ahquots.
